Summary. The effect of islet activating protein on glucose tolerance, insulin secretion and insulin responsiveness was studied in the NZO mouse, a model of non-insulin dependent diabetes and obesity. A single IV injection of 5 ng/g body weight islet activating protein markedly lowered plasma glucose and the glucose response to IP glucose administration, measured 5 days later (mean + SEM, plasma glucose levels 0, 10, 30 and 60 min after glucose 6.0 + 0.9, 14.6 + 1.3, 14.1 + 1.3 and 13.2 _+ 1.7 mmol/1 in islet activating protein-treated NZO mice versus 12.8+1.6, 27.8_+3.4, 34.7_+4.1, 39.1+3.8mmol/1 in carriertreated NZO mice). There was no difference in fasting plasma insulin levels between islet activating protein and carrier-treated mice. No response of plasma insulin to glucose occurred in the carrier-treated mice, but a highly significant insulin response to glucose was seen in the islet activating protein-treated mice. The in vitro responsiveness of pancreatic islets of islet activating protein-treated NZO mice to glucose was improved, and the inhibitory effect of adrenaline on insulin secretion was reduced. The in vivo hypoglycaemic response to exogenous insulin was not improved by islet activating protein and a demonstrated defect in the insulin sensitivity and responsiveness of glucose utilization by isolated soleus muscle was not reversed by islet activating protein treatment. It is concluded that islet activating protein is highly effective in improving glucose tolerance and insulin secretion in NZO mice, and that the improvement in glucose tolerance occurs without demonstrable improvement in the responsiveness to exogenous insulin or sensitivity of soleus muscle to insulin.
Islet activating protein (lAP) is a protein of molecular weight 77 000 daltons purified from culture medium of Bordetella pertussis [1] . A single injection of lAP has been shown to increase pancreatic insulin secretion and improve glucose tolerance for up to 6 weeks in normal and diabetic rats [2, 3] , the KK strain of diabetic mice [4] and alloxan-treated diabetic dogs [5] . It also increases insulin secretion in cultured rat [6] and human [7] islets and decreases the inhibitory action of adrenaline on islet insulin secretion [6, 8] . Recent investigation has shown that IAP modifies receptor coupling to adenylate cyclase [9] by ADP-ribosylation of one of the subunits of the guanine nucleotide regulatory component of the adenylate cyclase system [10] . In addition, an action on endogenous lipid associated calcium ionophoretic activity has been demonstrated [11] presumably accounting for increased transmembrane calcium fluxes [6] . In view of the ubiquitous nature of cyclic adenosine-3',5'-monophosphate (cyclic AMP) and intracellular calcium ion as regulators of cell function, it is reasonable to assume that the actions of IAP are not confined to the pancreatic fl cell. Indeed, IAP has been shown to cause leucocytosis and histamine sensitivity in mice [2] , to affect receptor mediated cyclic AMP accumulation in cardiac cells [12] and cultured rat glioma cells [10] and to stimulate glucagon secretion [13] .
In non-insulin-dependent diabetes there is evidence that insulin resistance contributes to the glucose intolerance [14] [15] [16] [17] [18] . The relative roles of impaired insulin secretion and of insulin resistance in the pathogenesis of non-insulin-dependent diabetes is debatable. A major aim of the present study was to see whether an agent presumed to act only at the level of insulin secretion, could substantially improve glucose tolerance in a laboratory model of non-insulin dependent diabetes mellitus.
The NZO mouse is characterized by obesity, glucose intolerance, insulin resistance, basal hyperinsulinaemia [19] [20] [21] and a poor insulin secretory response to glucose [22] [23] [24] [25] [26] . It is thus an appropriate model for non-insulindependent diabetes mellitus. In the present study, the effects of IAP on glucose tolerance, insulin secretion and insulin action were studied in the NZO mouse. These in vivo studies were combined with studies of the effect of IAP administration on insulin secretion from isolated islets of NZO mice, and on basal and insulin stimulated glucose utilization and glycogen synthesis in isolated soleus muscle from NZO and control mice.
Materials and methods
Female NZO mice were purchased from the colony maintained at the Walter and Eliza Hall Institute, Parkville, Victoria, Australia. A colony of random bred white mice, originally derived from the CSIRO Animal Research Laboratories, Parkville, Victoria, was used as the non-diabetic control strain. All mice were fed ad libitum on standard commercial laboratory chow and water, and studied between the ages of 3 and 6 months.
Glucose tolerance test
Mice were fasted overnight, then anaesthetized with pentobarbitone sodium (Nembutal, Abbott Laboratories, Sydney, Australia) 40 ~tg/g body weight, half given IP and half SC. Glucose was injected IP in a dose of 1 mg/g body weight as a 25% solution in water. Blood (150 lxl) was collected from the retroorbital sinus using heparinized capillary tubes before and at 10, 30 and 60 min after the glucose injection. It was transferred immediately to iced, heparinized microcentrifuge tubes, and at the completion of the test, centrifuged in a microcentrifuge (Beckman Instruments, FuUerton, California) and the plasma stored at -20 ~ until assay.
Insulin tolerance test
Non-fasted mice were injected IV with 0.2 mU/g of highly purified soluble porcine insulin (Actrapid, Novo, Bagsvaerd, Denmark). Blood (100 txl) was collected before and at 5, 10, 15 and 20 min after the insulin injection and plasma separated and stored as described above. To facilitate comparison between groups, the fall in plasma glucose at each time point after the insulin injection was expressed as a percentage of the initial plasma glucose.
Insulin secretion in vitro
Glucose utilization and glycogen synthesis by isolated soleus muscle Soleus muscles were dissected from mice killed by cervical dislocation, taking care to avoid damage to muscle fibres. The muscles were tied by cotton to small metal holders to produce constant, slight tension; they were pre-incubated individually for two 15 rain periods in 1.5 ml Krebs Ringer bicarbonate medium supplemented with 2% defatted bovine serum albumin and glucose (5 mmol/l) at 37 ~ After washing, they were incubated for a further hour at 37 ~ in the same medium with the addition of the indicated concentration of porcine insulin (Actrapid), and 1 ~tCi/vial of D- [5-3H] glucose (10-20 Ci/ mmol, Radiochemical Centre, Amersham UK). Each vial was continuously gassed with O2:CO2 (95%:5%). At the end of the incubation period, 200 ~xl of incubation medium was transferred to plastic centre wells suspended inside a 20 ml scintillation vial containing 300 mg anhydrous CaC12. A strip of filter paper was inserted into the wells to increase the surface area for evaporation of the liquid. The vials were incubated at 37 ~ overnight, the wells removed, 1 ml of water was added to the vial to dissolve the CaC12, scintillant added and 3H20 counted in a liquid scintillation spectrometer (Packard Instruments, Downers Grove, Illinois, USA).
At the end of the incubation, the muscle was hydrolysed in 5.4mol/1 KOH (0.5 ml) at 80 ~ for 20rain. After cooling to 4 ~ 10 mg carrier glycogen was added, and the glycogen precipitated with saturated NazSO4 (0.2 ml) and 95% ethanol (1.6 ml). The samples were placed at -20 ~ for 1 h, centrifuged for 20 rain at 3 000 rev/min, and the supernatants discarded. The precipitates were resuspended in water, scintillant added, and 3H-glycogen counted in a liquid scintillation spectrometer.
Results are expressed as nmol of glucose utilised or converted to glycogen per mg wet weight of muscle.
Islet activating protein treatment
IAP was kindly provided by Dr M. Yajima, Kakenyaku Kako, Otsu, Shiga, Japan, and it was dissolved initially as an 80 ~g/ml solution in phosphate buffer containing urea (2 mol/1), and diluted with normal saline prior to injection. The solution was used within 3 weeks; it was injected IV into the tail vein of non-fasted mice in a dose of 5 ng/g body weight. Randomly chosen mice received an IV injection of carrier alone. The appropriate in vivo tests were performed 5 days after IAP or cartier injection, and the in vitro tests of insulin secretion and muscle insulin responsiveness were performed 7 days after IAP injection. IAP treatment did not cause alteration of body weight or apparent health of the mice.
Islets were isolated from the pancreas of non-fasting NZO mice using collagenase digestion as described previously [26] . The islets were incubated in groups of five in Krebs Ringer bicarbonate buffer supplemented with bovine serum albumin (350 mg/100 ml, Commonwealth Serum Laboratories, Parkville, Victoria, Australia) and N-2-hydroxyethylpiperazine-2-ethanesulphonic acid (10mmol/1, Hepes, Sigma Chemicals, St. Louis, Missouri), pH 7.4. All islets were incubated initially for 30 rain in glucose (3.3 retool/l), the supernatant discarded, the islets washed twice in Krebs Ringer bicarbonate buffer, glucose (3.3 mmol/1) and then incubated for a final period of 20 min at glucose concentrations of 3.3, 8.4 and 16.7 mmol/1. The low and high glucose concentrations were tested with and without adrenaline (10-6mol/1). Finally, the supernatant was aspirated and stored at -20 ~
Islet insulin content
Islets were isolated from non-fasted NZO mice as described above, homogenized at 4 ~ with the addition of sucrose containing medium (final sucrose concentration 150 retool/l), as described previously [27] . The homogenates were diluted 1 : 1000 and assayed for insulin as described previously [26] .
Assays
Plasma immunoreactive insulin was assayed using a double antibody technique on 5-10 p.1 plasma samples [29] and guinea pig anti-insulin serum as the first antibody (Wellcome Laboratories, Beckenham, Kent, UK). To achieve sufficient sensitivity, an incubation volume of 110 ktl and microcentrifuge tubes (Beckman Instruments) were used. A 1 day pre-incubation at 4 ~ was used before the addition of 125I-labelled porcine insulin tracer (prepared by the method of Hunter and Greenwood [30] ). Separation of antibody bound from free tracer was performed with anti-guinea pig serum (Wellcome Laboratories) after a further 24 h incubation at 4 ~ The intra-assay coefficient of variation was 4.6% at an insulin concentration of 5 ng/ml, and the interassay coefficient of variation was 8.8% at 2 ng/ml. Sensitivity (as defined by 10% displacement of insulin tracer by unlabelled insulin) was 0.25 ng/ml in a 10 ~1 sample volume. The results were expressed in terms of mouse insulin standards (Novo, Bagsvaerd, Denmark). In the in vitro studies of insulin secretion, insulin was assayed as described previously [26] .
Plasma glucose concentrations were determined by a glucose oxidase-peroxidase method, utilizing commercial reagents (Boehringer Mannheim, FRG). For plasma samples, 10 ~1 of plasma were diluted 1 : 11 with distilled water prior to assay.
Statistical analyses
The statistical significance of differences between mean values was assessed by Student's t-test, paired or unpaired as appropriate. The plasma insulin responses to glucose were transformed by logarithmic conversion to achieve a normal distribution prior to this analysis.
Results

Glucose tolerance and plasma insulin levels
Carrier-treated NZO mice had significantly higher plasma glucose before and at all time points following glucose injection (Fig.l) compared with carrier-treated control mice. IAP treatment markedly lowered plasma glucose levels at all time points in both the NZO and control mice (p < 0.001).
Fasting plasma insulin levels following carrier injection were significantly higher in NZO mice than in the control mice (p < 0.001). However, there was no significant response of plasma insulin to IP glucose in the cartier-injected NZO mice, compared with a greater than fivefold rise in the control mice (Fig. 1) . In the control strain, plasma insulin levels, at fasting and 10 min after glucose treatment, were the same in IAP-treated compared with carrier-treated mice, but subsequent values were significantly lower in IAP-treated mice. In the NZO strain, fasting insulin levels were unchanged after IAP treatment, but in contrast to carrier-treated mice a significant rise in plasma insulin following glucose administration was evident at all time points, despite the much smaller glycaemic stimulus in the IAP-treated mice. Table 1 shows that IAP pretreatment enhanced the hypoglycaemic effect of IV insulin in the control mice, but the insulin resistance of the NZO mice was not altered by pretreatment with IAP. 
Insulin responsiveness in vivo
Insulin secretion in vitro in islets from NZO mice
As has been shown previously [26] , islets from NZO mice which had not received IAP showed high insulin secretion at low glucose concentration, no response to 8.4 mmol/1 glucose, and only a slight response (1.6-fold in relation to the basal secretion) to 16.7 mmol/1 glucose (Fig.2) . In contrast, islets from mice treated with IAP showed lower insulin secretion at 3.3 mmol/1 glucose, but a significant increase in insulin secretion at 8.4 mmol/1 glucose (1.6-fold), and a greater relative response to 16.7 mmol/1 glucose (2.5-fold) than was seen in islets from carrier-treated NZO mice. In addition, adrenaline completely abolished the response to 16.7 mmol/1 glucose in the islets from the carrier-treated NZO mice, but did not prevent a significant response occurring in the islets from the IAP-treated mice. The Results expressed as mean_+ SEM a p < 0.05, IAP versus carrier-treated mice average insulin content of islets from IAP-treated mice (194_17 ng/islet, mean+SEM, assayed in 25islets from each of five mice) did not differ from that of islets from carrier-treated mice (221 + 17 ng/islet). 
Glucose utilization and glycogen synthesis by isolated soleus muscle
There was a marked impairment in glucose utilization in response to insulin in soleus muscle from carriertreated NZO mice compared with control mice (Fig. 3) . A similar, less marked, trend was seen with glycogen synthesis. IAP pretreatment did not affect glucose utilization or glycogen synthesis in either control or NZO mice.
Discussion
This study has confirmed the potential of IAP as a therapeutic agent in diabetes mellitus. A single intravenous injection of 5 ng/g body weight greatly improved glucose tolerance in the NZO strain of obese hyperglycaemic mice when tested 5 days later. This effect was associated with a restoration of the sensitivity of the pancreatic fl cells to a hyperglycaemic stimulus and was demonstrable both in vivo and in isolated islets in vitro. The lower insulin secretion at 3.3 mmol/1 glucose in islets from IAP-pretreated mice presumably was due to the lower glucose concentration to which they had been exposed in vivo prior to isolation. Although the absolute magnitude of the insulin response of the isolated islets of the NZO mice was similar in IAP-and carriertreated mice, it is probably the sensitivity of the islets to glucose, rather than their absolute response, which is important in determining the insulin response to a glucose load in vivo. The sensitivity of the islets to glucose was clearly improved in islets from IAP-treated mice, which showed a significant secretory response to 8.4 mmol/1 glucose, not seen in islets from cartier-treated mice. It might be suggested that the improved sensitivity of the pancreatic/~ cells to a hyperglycaemic stimulus is a direct consequence of the reduction in the fasting plasma glucose. Although a contribution of this mechanism cannot be excluded, it should be noted that similar effects have been observed following direct exposure of islets to IAP in culture [8, 31] . The characteristic blunting of the inhibitory effect of adrenaline on glucose-induced insulin secretion in vitro was seen also. The improvement in glucose tolerance in the control strain treated with IAP occurred without measurable changes in insulin levels. However, the same insulin levels were achieved at much lower glucose concentrations, showing that an enhancement of sensitivity of the /3 cells to glucose had occurred following IAP in this strain also.
The improvement in glucose tolerance in the NZO mice following IAP pretreatment occurred without an improvement in the responsiveness to exogenous insulin in vivo. The hypoglycaemic effect of insulin in control mice was greater following IAP pretreatment, which could have been due to IAP pretreatment preventing suppression of endogenous insulin secretion by hypoglycaemia, or to an impairment of counter-regulatory mechanisms. However, as no effect of lAP pretreatment on the poor hypoglycaemic action of insulin in the NZO mouse was seen, the results support the idea that the improvement in glucose tolerance in the NZO mice is due to the effect of IAP on fl cell responsiveness to glucose. Lower fasting glucose levels were observed in both NZO and control mice which had been pretreated with IAP, despite similar fasting insulin levels. As there are many determinants of fasting plasma glucose, no deductions about insulin sensitivity can be made from the relationship between insulin and glucose in this situation. Similarly, trying to estimate insulin sensitivity or responsiveness by relating plasma glucose to plasma insulin directly during glucose tolerance testing has been shown to be potentially misleading [32] . Thus the validity of assessment of insulin sensitivity by either the measurement of blood glucose fall following a single bolus injection of insulin, or measurement of insulin to glucose ratios at given time points is questionable. The glucose clamp technique is still impractical in mice. For these reasons, insulin sensitivity of muscle was assessed in vitro in mice pretreated with cartier or IAP. A striking impairment in glucose utilization in response to insulin was observed in soleus muscle from cartier-treated NZO mice, as has been described previously for other strains of obese hyperglycaemic rodents [28, [33] [34] [35] [36] . IAP pretreatment had no effect on the impaired insulin sensitivity and responsiveness of soleus muscle.
As the NZO mouse is a model for non-insulin-dependent diabetes in man, it is significant that an agent, apparently acting largely at the level of the pancreatic 13 cell, is able to produce a striking improvement in glucose tolerance. This improvement was achieved without exaggerating the basal hyperinsulinaemia. The results emphasize the significance of the defect in the pancreatic 13 cell response to glucose in determining glucose intolerance in this animal model. They show also that changes in 13 cell responsiveness and peripheral insulin sensitivity can be dissociated, and should be regarded as independent contributors to glucose intolerance.
